Introduction {#S1}
============

The myotendinous junction (MTJ) is a highly specialized and architecturally complex structure. It is located at the extremities of skeletal muscle fibers where myofibrils end at the muscle cell membrane and make contact with the tendon fibers that are located in their proximity.^[@R1],[@R2]^ The MTJ is also the major site of force transmission from myofibrils across the muscle cell membrane to the extracellular matrix (ECM).^[@R3]^ At the MTJ level, the proximal extremity of the tendon forms finger-like processes that penetrate into the muscle mass and thus increase the contact area between muscle and tendon.^[@R4]^ An interdigitated profile indicates separation between striated muscle and fibrous connective tissue, where a sort of muscle-tendon crosstalk occurs.^[@R5]^ Force transmission to the extracellular matrix is thought to be the result of the combined action of two groups of proteins which bridge across the membrane. The first group is initiated on the muscle cell side with the binding of actin to dystrophin. This in turn binds to β-dystroglycan. At the extracellular site, σ-dystroglycan is linked to ECM laminin-2 by means of α-dystroglycan. The sarcoglycan complex may function in stabilizing the entire complex. Dystrophin is located at the inner surface of the cell membrane and is capable of binding to muscle cell membrane proteins.^[@R6]^ The second group of proteins initiates with the binding of actin to talin, which in turn links vinculin. Vinculin is associated with the α7β1 integrin, which binds to ECM collagen and laminin-211.^[@R7]--[@R9]^ α7β1 is the predominant integrin in adult skeletal muscle. Integrins play important roles in skeletal muscle development and function. In fact, the ablation of the murine β1 integrin subunit gene, which leads to the loss of all αβ1 integrins, causes defects in myoblast fusion and sarcomere assembly.^[@R10]^ The α7 subunit determines the specificity of ligand binding to laminin in the basal lamina surrounding individual muscle fibers, whereas the β1 subunit participates in the linkage with actin via several subsarcolemmal proteins, including α-actinin, talin, vinculin, paxillin and tensin.^[@R11]^ Mutations in the gene that encodes the α7 integrin subunit cause congenital myopathy in humans,^[@R12],[@R13]^ while the genetic ablation of either the α5 or α7 integrin subunit causes muscular dystrophy in mice.^[@R14]^ Moreover, the inactivation of the α7 integrin subunit leads to the detachment of MTJs from the ECM.^[@R7],[@R15],[@R16]^ The transgenic expression of the α7β1 integrin in the dystrophic mdx/utr-/- mouse decreases development of muscular dystrophy and enhances longevity. One hallmark of the integrin-mediated alleviation of muscular dystrophy in the mdx/utr-/- background is the restoration of MTJ integrity. Milner and Kaufman demonstrated that the α7β1 integrin does not alleviate disease in a mouse model with limb girdle muscular dystrophy type 2F and MTJ from normal and delta sgc-null mice are indistinguishable. These results suggest the important influence of MTJ integrity on the severity of muscular dystrophy.^[@R17]^

In skeletal muscle, β1 integrins have been reported to be localized in costamers and MTJs, where they establish a bridge between the cytoskeleton and the ECM.^[@R18]--[@R21]^ These connections are important for transmitting mechanical forces and maintaining skeletal muscle fibers. The ECM plays a key role in force transmission and tissue structure maintenance in tendons, ligaments, cartilage, bone and muscle. Its turnover is influenced by physical activity, and both collagen synthesis and metalloprotease activity increase with mechanical loading.^[@R22]^ ECM proteins in the tendon, especially collagen type I, as well as tenocytes and their cellular protrusions, are predominantly oriented along the direction of applied force. Collagen type I is the main ECM component, comprising more than 60% of the tendon dry weight. The structure and composition of the ECM in tendons is able to adapt to changes in mechanical loading that are correlated to muscle contraction.^[@R23]^ MTJ structural organization is influenced by both the development of muscle and tendon tissues and their interaction. Indeed, the ability to generate the force that is acquired by muscles during the final few weeks of foetal, and the first few weeks of neonatal growth is of critical importance for the formation of functional MTJ structures.^[@R24]^

In recent years, morpho-functional changes in the MTJ have been described as occurring in rats exposed to eccentric strength training or running exercise. In particular, it has been shown that both muscle architecture and tendon properties are modulated by exercise training: muscle thickness and the fascicle angle increase significantly at rest and during contraction, whereas fascicle length increases at rest and does not change during contraction. Furthermore, it has also been demonstrated that gastrocnemius tendon stiffness increases significantly, suggesting that muscle architecture and tendon mechanical properties are differently affected by strength training.^[@R25]^ Eccentric contractions can also trigger intense protein synthesis activity at the MTJ, which is probably related to the myofibrillogenesis that is associated with MTJ remodeling.^[@R26]^ Another study reported ultrastructural changes in the finger-like process of the MTJ in rats trained to run.^[@R27]^ Unlike earlier work, in this study EDL muscle was investigated by its reduced involvement during training compared to the tibialis anterior. The aim of our research was to examine exercise-induced ultrastructural changes in the MTJ of EDL and gastrocnemius muscles in rats.

Materials and Methods {#S2}
=====================

Animals and training protocol
-----------------------------

Twelve male albino Sprague-Dawley rats aged eight weeks were placed in individual cages and fed a standard diet without limitations. Room temperature was kept at 21±2°C and 12 h of light was automatically alternated with 12 h of dark. After one week of acclimatization, 6 rats were randomly chosen to run on a six-lane rodent treadmill three times a week at a 10% grade slope. The time and speed were gradually increased over five weeks to reach 1 h a day for 25 m/min. These parameters were then maintained for a further five weeks of training. The level of aerobic training thus achieved corresponded to approximately 60% *V*O~2max~.^[@R28]^ Control animals (n=6) were placed on a non-moving treadmill during the training sessions. At the end of the 10-week training period, both the control and the trained animals were sacrificed.^[@R29]^ All the experimental evaluations were carried out on all animals of each experimental group.

Animal handling, the training protocol and the mode of killing were approved by the Ethical Committee on the Use of Laboratory Animals of the Health Authority of Milan (Italy) according to the 86/609/CEE guidelines (Protocol \#3407, 24/09/2007). The training also complied with the American Physiological Society guidelines for exercising rodents on treadmills (American Physiological Society 2006). The rats were periodically examined by a veterinarian. Their food consumption and body weight were evaluated three times a week, and their internal organs, which were examined by a pathologist on the day they were killed, appeared to be normal and disease-free.

Light and electron microscopy
-----------------------------

The rats were anesthetized (100 mg/kg i.p. heparinized sodium thiopental), weighed and then beheaded. The EDL and gastrocnemius muscles were obtained from both hind legs, and were then quickly blotted dry, freed of connective tissue and weighed on a precision scale. Muscle fragments, maintained under tension with pins, were immediately fixed with 2.5% glutaraldehyde in a 0.1 M phosphate buffer for 3--6 h and quickly minced into smaller (\<1 mm^3^) fragments. They were then post-fixed with 1% OsO~4~ for 1 h in the same buffer, dehydrated with alcohol and embedded in araldite. Semi-thin sections, stained with 1% toluidine blue in distilled water at 60°C, were observed by light microscope. The sections were trimmed to produce a thorough longitudinal or transverse plane of the muscle fibers, allowing clear MTJ identification. Thin sections stained with uranyl acetate and lead citrate were then observed with a Philips CM10 electron microscope (TEM).^[@R30],[@R31]^

Morphometric analysis
---------------------

Fifty images of MTJ were evaluated from EDL and gastrocnemius muscles from both control and trained rats. The branching of the finger-like processes was analyzed in each condition. The different percentages of branched interdigitations among the samples were evaluated with the *χ*^2^-test. Values of P\<0.001 were regarded as statistically significant. The different means of bifurcation among the samples were evaluated with a t-test. Values of P\<0.05 were considered to be statistically significant.

Results {#S3}
=======

Muscle and body weight
----------------------

To assess the effectiveness of the training protocols, the EDL and gastrocnemium muscles were individually weighed and their body mass ratio calculated. The data obtained are set out in [Table 1](#T1){ref-type="table"}. As already reported, body mass was significantly lower in the trained rats than in the controls, but the EDL and the gastrocnemius mass did not significantly differ in terms of absolute values between the two groups. However, the muscle mass/body mass ratio was greater in the trained rats for both muscles.^[@R32]^

Table 1Body and hind limb skeletal muscle mass in control and trained rats, evaluated at the time of sacrifice.GroupControl (n= 6)Trained (n=6)*t*-testMeanSDMeanSD(control *vs*trained)Body mass (BM) (g)572.2156.1514.4539.30.000EDL mass (EM) (g)[\*](#TF1-1){ref-type="table-fn"}0.2490.0330.2440.0230.403Right EM/BM[\*](#TF1-1){ref-type="table-fn"}1000.0440.0040.0470.0040.003*Gastrocnemius* mass (GM) (g)[\*](#TF1-1){ref-type="table-fn"}3.4370.4363.3250.3110.165Right GM/BM[\*](#TF1-1){ref-type="table-fn"}1000.5960.0800.6410.0460.025[^2][^3]

Morphology
----------

[Figure 1](#F1){ref-type="fig"} shows representative images of the TEM ultrastructural study of the EDL muscle from the control (A,C) and the trained (B,D) rats, in both transverse (A,B) and longitudinal (C,D) sections. The EDL MTJs from the control rats are characterized by rounded protrusions that are surrounded by a uniform basal membrane, which separates muscle from tendon tissue ([Figure 1](#F1){ref-type="fig"}A). The EDL MTJs from the trained rats, meanwhile, clearly display more branching of the finger-like processes ([Figure 1](#F1){ref-type="fig"}B). Longitudinal sections reveal the presence of long, bifurcation-free, digitations, penetrating in the sarcolemma in the control muscle ([Figure 1](#F1){ref-type="fig"}C). These digitations not only markedly increase in number in the trained muscle ([Figure 1](#F1){ref-type="fig"}D), but also give rise to a sort of meshwork. A nucleus (n) with a central nucleolus (nu) can also be observed in the muscle tissue.

Figure 1*Extensor digitorum longum* muscle electron microscope images from control (A,C) and trained (B,D) rats in transverse (A,B) and longitudinal (C,D) sections. Scale bars: A,B, 0.25 µm; C,D, 1 µm.

[Figure 2](#F2){ref-type="fig"} sets out representative TEM images of gastrocnemius muscle MTJs from the control (A,C) and the trained (B,D) rats in transverse (A, B) and longitudinal (C, D) sections. In the control muscle, the digitations are characterized by myofilaments ending in sub-sarcolemmal dense masses and a homogeneous basal membrane. Cross-sectioned collagen fibrils are clearly present. After training (B), the muscle digitations appear to have increased both in length and number. Longitudinal sections of the control muscle (C) reveal long, bifurcation-free, projections, whereas an irregular profile of the MTJ, with digitation branching and fusing, appears in the trained muscle (D). At higher magnification ([Figure 3](#F3){ref-type="fig"}), the MTJs from the gastrocnemius muscle display digitations with a thicker basal lamina in the trained muscle (B) than in the control samples (A).

Figure 2*Gastrocnemius* muscle electron microscope images from control (A,C) and trained (B,D) rats in transverse (A,B) and longitudinal (C,D) sections. Scale bars: A,B, 0.5 µm; C,D, 1 µm.

Figure 3Higher magnification details of control (A) and trained (B) *gastrocnemius* muscle myotendinous junctions. The muscle basal lamina, identified by the opposite arrows, appears thicker in trained than in control rats. Scale bars: 0.1 µm.

Morphometric analysis
---------------------

Digitation branching was evaluated by counting the branched principal protrusions and their bifurcations ([Table 2](#T2){ref-type="table"}). The same number of protrusions (50) was evaluated in the control and the trained muscles.

Table 2Distribution of principal protrusions according to bifurcation number.Bifurcation\
numberControl\
EDLTrained\
EDLControl\
gastrocnemiusTrained\
gastrocnemius04731371812161216213163000540002500026000070001[^4]

The percentages of the branched interdigitations were 6% and 26% respectively in the EDL and gastrocnemius MTJs of the control group, and 38% and 64% respectively in the trained group ([Figure 4](#F4){ref-type="fig"}). The differences between the control and the trained groups were thus statistically significant (P\<0.001).

Figure 4Percentage study of branched principal interdigitations, respectively in the *extensor digitorum longum* (A) and *gastrocnemius* myotendinous junctions (B). \*P\<0.001.

As shown in [Figure 5](#F5){ref-type="fig"}, the bifurcation of the branches occurred (mean±SD) 1.33±0.58 and 1.08±0.28 times respectively in the EDL and the gastrocnemius MTJs of the control group, and 1.16±0.37 and 2.12±1.52 times respectively in the trained group. The difference between the control and the trained group in respect of the gastrocnemius was thus statistically significant (P\<0.05).

Figure 5Study of bifurcation means of principal interdigitations. \*P\<0.05.

Discussion {#S4}
==========

Force transmission between muscles and tendons occurs through the MTJ, which is a specialized structure with peculiar morphological and molecular features. At the MTJ level, the muscle enlarges the contact area by forming finger-like interdigitations of the basement membrane zone at the junction in order to overcome the mechanical strain across the cell membrane.^[@R2],[@R23],[@R33]^

The basement membrane is a thin layer of a specialized ECM that surrounds skeletal muscle fibers.^[@R34]^ Genetic studies on patients and animal models with muscular dystrophy have demonstrated the importance of the basement membrane for the maintenance of muscle integrity, as well as for the promotion of myogenesis and muscle development.^[@R35]^ The major structural features of the MTJ that are observed by electron microscopy include the extensive invaginations of the sarcolemma and the areas of increased electron density in the subsarcolemmal area to which actin filaments from the terminal sarcomere are attached.^[@R36]^ Invagination of the junctional sarcolemma is necessary to increase the membrane surface area, in particular the adhesive interface between muscle sarcolemma and tendon.^[@R37]^ In this study, we have observed ultrastructural changes in MTJ finger-like processes and an increase of basal lamina thickness in the hind limb muscles of trained rats. Trauma or overloading may lead to MTJ injuries. In particular, the gastrocnemius muscle is prone to strain injury due to its action across two joints and its superficial location. Gradually increasing muscle load in a non-traumatic manner by moderate exercise training may lead to the reinforcement of the MTJ, which can be viewed as a way to prevent injuries to this structure.

Several studies have dealt with the effect of exercise on skeletal muscle MTJs, in particular during post-traumatic rehabilitation.^[@R38],[@R39]^ Zamora and Marini caused the overloading of rat plantaris muscles by the aseptic ablation of the synergists. They then described enhanced collagen synthesis occurring at the MTJ and, interestingly, the appearance of activated tendon fibroblasts with a vescicular nucleus and prominent nucleoli that are very similar to those that we describe herein ([Figure 3](#F3){ref-type="fig"}D).^[@R40]^ On the other hand, Kannus and others demonstrated that after three weeks of immobilization, the contact area between muscle cells and tendineal collagen fibers was reduced by almost 50% in both type I and type II muscle fibers. Their basal membranes, meanwhile, were slightly thickened.^[@R41]^ Kojima *et al.* examined the frequency of the branching of the MTJ finger-like processes and their direction following a 4-wk training period.^[@R27]^ Although there are experimental differences that do not permit a direct comparison to be made between the Kojima group\'s results and ours, it is noteworthy that we also observed a significant, increasing percentage of branched interdigitations in the EDL MTJs of the trained group, while the bifurcation mean between the control and the trained protrusions was not statistically significant. Moreover, it has been observed that growth, loading and mobilization lead to changes in tendon composition. Moderate exercise for several weeks led not only to an increase in total proteoglycan content, but also to qualitative changes in proteoglycan make up.^[@R42]^

These observations indicate that changes in the MTJs also occurred at the ultrastructural level as an adaptation to exercise-induced tension increase. Tension at the junction level is indeed lower during rest than during exercise, a condition in which it acts as a shearing force for the junction. The branching of the finger-like processes allows the contact areas to increase in size. This leads to the enlargement of the entire tendon-muscle surface area and, therefore, a better resistance to tension. Moreover, apparent morphological changes in basal lamina components with exercise suggest a reorganization of protein architecture at the MTJ level, which can thus adapt to the shearing force, if necessary by increasing the number of muscle-tendon branches, their distribution complexity and their structure.

The present work should be viewed as the starting point for further studies, which are in progress in our laboratory. Using immunocytochemical and proteomic approaches, we plan to further characterize training-induced MTJ biochemical and structural modifications.
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